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fhe Infrared Spectrum of TTT de 
and Formaldehyde-d,. 


Abstract 


The infrared Spectra of solid and gaseous H, > 
D 


were examined in the range from 4000 to 500 cm ^. The previously 


CO and D4CO 
unreported ey, overtone band of gaseous HCO was observed and the 
rotational constants io d C) for that excited state were evaluated. 
The spectrum of solid D,CO is reported for the first time. 

Many new assignments have been made for DCO gas. Examples 
of Fermi resonance between Y, and 2% and Coriolis resonance 
interactions among Vz, Vz and Y- were noted. Certain combinations 
of the ground state and first excited state rotational constants 
were evaluated for Y, Y5, ^5, V, and VE. 

Using the Teller-Redlich product rule, the six fundamental 
frequencies of solid D,CO were assigned. Several combination and 
overtone bands were also assigned. 

Using isolation techniques, factor group crystal splitting 
was detected in solid HCO. This leads to the conclusion that 


solid HCO has at least two molecules per unit cell. 











I. Introduction: Symmetric Top Molecules 


The classification of molecules with respect to their vibration- 
rotation spectra depends upon the moments of inertia about the principal 
axes of the molecule. 

The principal axes of a molecule are defined as that set of three 
mutually perpendicular axes which pass through the center of gravity 
of the molecule and for which one of the axes corresponds to the least 
moment of inertia (A) and one axis corresponds to the largest moment 
of inertia (Ic). The moment about the third axis has an intermediate 
value, lg: 
A moment of inertia of à system of masses m. about any particular 


axis is given by the relation 


I = ) m. x 4 (1) 


where x; is the perpendicular distance of the particle of mass m., from 
the axis. 

If, for a molecule, all three principal moments of inertia are 
different (I, In 4 Io); the molecule is called an asymmetric top. Most 
molecules fall into this category. 


= 2 = 








ET 


A molecule which has just two equal principal moments 
of inertia and the third moment non-vanishing (1, < In = Ic for 


example), is termed a symmetric top molecule. 


Ee zT 


Da >s G the molecule is called a prolate symmetric 


top. On the other hand, the molecule that has IF I< Ic is 
called an oblate symmetric top. 

Many molecules, although actually asymmetric tops, may be 
treated as if they are symmetric tops if two of their principal 
moments of inertia are almost equal. 

This is the case of HCO and D,CO where the following 


principal moments of inertia have been determined from micro- 


Wave spectra: 








H,CO (amu A‘) D,CO (amu A‘) 
L. 81517 I, 3.60483 
: 1512 
In 19207375 In 7239 
Ic 14. 89022 Ic 19. 3286 


It will be noted that for both H4CO and D,CO, I, < I, lc 


which means that both molecules are close to prolate symmetric 


tops. 


` 


Because of the closeness of both H,CO and D,CO to symmetric 


^ Oka, J. ofthe Physical Soc. of Japan, 15, No. 12, 2274 
(1960). 








tops and the complexity involved in handling asymmetric top 
| S í 
molecules, all previous infrared work, including the present 


one, have treated these molecules as symmetric tops. 


Symmetry 


The use of symmetry in spectroscopy is very important 
since symmetry considerations may simplify the complex problems 
of the vibrations and rotations of molecules. 

By the term symmetry we mean the symmetry of the 
equilibrium arrangement of the atomic nuclei of the molecules. In 
general, Z, of different symmetry exhibit qualitatively 
different spectra. Consequently, qualitative conclusions regarding 
the equilibrium geometry of the molecule, such as whether the 
molecule is linear or planar, may be drawn from the spectra. 

In order to discuss the symmetry of H4CO and D,CO, it is 
necessary first to describe the terms used in symmetry. 

The symmetry of a molecule may be described in terms of 
five possible symmetry elements and their corresponding symmetry 


operations. (Table Ds The more symmetric a molecule, the more 


e) S. Ebers, and H.H. Nielsen, J. Chem. Phys. OA (1938) 


NEN Blau and H.H.Nielsen, J.Mol.Spectroscopy,l, 124 (1957) 


4G. Barrow, Molecular Spectroscopy, McGraw-Hill Book 
Company, Inc. 1962. p. 160. 





Table l. The Symmetry Elements 


and Symmetry Operations. 


Symmetry Elements 


Symmetry Operations 





Symbol Description 

E Identity No change 

o Plane of symmetry Reflection through the plane 

1 Center of symmetry Inversion through the center 

C Axis of symmetry Rotation about the axis by 

P 360/p degrees 

S Rotation-reflection Rotation about the axis by 

axis of symmetry 360/p degrees followed by 


reflection through the plane. 


(From Barrow, p. 160) 
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symmetry elements it possesses. Each combination of symmetry 
elements that can occur is known as a point group. The term 
point group is used because the symmetry operators that are 
associated with the symmetry elements of the molecule leaves a 
point of the molecule fixed in space. 

A summary of the more common point groups and the symbols 
used to denote them are given in Table II. > In the point group 
symbol, the capital letter denots, in general, the principal symmetry 
element of the group while the subscripts further tie in the relatione 
ship to the other symmetry elements of the group. 

Formaldehyde and Formaldehyde-d, belong to point group C y 


à 


which consists of a two=fold axis C. and two planes of symmetry 


2 


aa through the axis. The symbol v indicates vertical planes of 
symmetry and the two-fold axis refers to a rotation of 180° about 


the axis. In the case of H CO and D CO the two vertical planes of 


2 à 


symmetry, ze and = and the two-fold axis o, are shown in Figure 1. 


From a knowledge of the point group, the irreducible representa- 


tions can be found from suitable references. 





Eel 


OG. Herzberg, Infrared and Raman Spectra, D. Van Nostrand 
Co., Inc., Princeton, N.J. (1949). 


ET em 





7% 
Table II. Some of the Point Groups 
That Are Important in Molecular Problems 


(The number of times a symmetry element occurs is indicated 
by a number before the symbol for that symmetry element) 








Point group Symmetry elements Examples 
Cy E CIL HCLD 
Cs E, HOC1, CH OE 
Coy L, Co» 207, 4 | 850, CHCl, 
p B; C3 an, NH., HCCI 
Co y E, Cor, HCN, OCS 
Con By, Cor Gy» i C1EC=CHC1 (trans.) 
D B, Co, 30, (perp. toten C-H.» (cyclohexane) 
Dd axis), 36 (coincident 2 6 12 


with the Cz axis), i, Jra 


D, , EV B, 3Co (mutually perp.), 39° LCC ; 
2n n " (muéually POD \ ae é 2 

Do E,03, 3C2 (perp. to the C3 BC1 
dn axis), 3 Oy» Oh ? 

Dan e E, C4, 4Co (perp. to the C4 C He (cyclobutane) 


axis), 4gi, 40h, Co amas 
(both coincident with Cy), i 


Den E, C6, 6Co (perp. to the Cg CoH. (benzene) 
axis), 66 y Oh» O and Cz and 
Sg (all coincident with” the 
Cg axis), i 


Don E, Coo, C2 (perp, to the Ca E2, CO2, HOCH 
| axis), Oy, Cp» 1 
da E, 302 (mutually perp.), 403, CH, 
67, $34 (coincident with ] 
| the Co axes), 
o, E, $C, (mutually perp.), 4Cs, (PtCl,)~ 
35, and 3C» (coincident (Co(NHz)¢)?* 


with the C4 axes), 6Co, 9c, 
4S& (coincídent with the 
65], i 





Oy 
— 
O 
O 
C 
(D)H | H(D) 
C2 


Figure l. The Co. symmetry of H4CO (D4CO). 
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A non-linear molecule composed of N atoms has 3N-6 normal 
vibrations. Normal vibrations are immediately related to a set of 
convenient coordinates called normal coordinates which are especially 
convenient for the description of the vibrations of a system. Each 
normal coordinate corresponds to a mode of vibrations in which 
every atom of the molecule carries out a simple harmonic motion 
and all atoms have exactly the same frequency and phase of oscillation. 
Only the amplitudes of vibration may vary from atom to atom. Thus, 
motion of the system along a normal coordinate consists of simple 
harmonic motion, and such motion is said to be a normal mode or 
vibration. 

In the case of H,CO and D,CO, the normal vibrations are as 
shown in Figure 2. Knowing the normal vibrations, it is possible 
to assign each to a symmetry species for the Ca. point group. It 
turns out that 9 > and 2 belong to symmetry species A» Va 


and V, belong to B,, and ae belongs to B,- 


5 


It is interesting to note that all six normal vibrations of H CO 


and D,CO are infrared active since only symmetry species A, of 


point group C, is infrared inactive. This is due to the fact that 
v 


there is no dipole moment change for A, vibrations. 


Those vibrations which correspond to a change in the vibrational 





quoe 


V (symmetric CH stretch) 


T 
O 
i 

HT nn 

“a al 

Y, (CH, bending) 

«-O 

> 

R pu 

H H 


V. (CHa rocking) 


> C 
N A 


V, (CO streich) 


V, (asymmetic CH stretch) 


O 
+ 


C- 
u" “yt 


Y. (CH, wagging ) 


Figure 2. The normal vibrations of H CO and D, CO, (From 


G.Herzberg, p. 65). 
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quantum number v = 0 to y = l are called fundamental vibrations. 
Since the ground vibrational state (v = 0) is usually the most 
densely populated, the fundamentals usually appear as the most 
intense bands of the infrared spectrum. In addition, overtone 
(Av. » l)and combination (simultaneous changes in two or more 


vi) bands may appear, but these are usually of much lower intensity. 
Band Contours 


As previously discussed, H4CO and D,CO are slightly asymmetric 
tops but they are so close to a symmetric top that both molecules may 
be described in terms of a symmetric top. Therefore, the predicted 
shapes of the infrared absorption bands will now be discussed in terms 
of the symmetric top and then compared with the band shapes expected 
íor asymmetric tops. 

To be optically active in the infrared, a given vibration-rotation 
transition must result in a non-zero transition moment. The exact 
rotational selection rules depend upon the direction of that dipole 
moment change. 


The infrared active normal vibrations (Vv), v_, etc.) of symmetric 


2 
top molecules have their oscillating dipole moment either parallel or 


perpendicular to the ''unique'' axis of the molecule.. The unique 


axis of the molecule is that axis which 





= Ze 


corresponds to the unique moment of inertia of the molecule. For 
example, HCO and D,CO are approximately prolate symmetric 
tops and therefore L. is the unique axis (I, < In = L E 

These two different types of vibrations thus have different 
vibration-rotation selection rules and as a result exhibit different 
band shapes. 

An oscillating dipole moment parallel to the unique axes of 
the molecule givesrise to a parallel band. For such vibrations, 


the selection rules are: 


AK=0, AJ=4 1 ifK=0 (2) 


2:0, AJ - 0; laf KZ 0 (3) 
where J is the rotational quantum number for the total angular 
momentum, with values of 0, 1, 2, .... 
K 1s the rotational quantum number for the component of 
the total angular momentum about the unique 
axis. wuth values ot 0 Iv 2-523. 
The reason for the selection rule AK=0 in a parallel band 
lies in the fact that rotation about the unique axis cannot result 
in any interaction with radiation since such a rotation does not 


result in any dipole moment change. Radiant energy, therefore, 


cannot produce a transition between levels of different K values. 


Se Á—À — DC CDE — 








At this point, it would be well to give the expression for the 
rotational energies of a symmetric top molecule, assuming a rigid 
rotor model. 


7 2 
E, = BI (J+1)+(A-B)K (4) 


where À and D are the rotational constants and related to the 


principal moments of inertia by: 


A=— (5) 





2 
8T CI, 
B= —— 
8T Cl. 


wherel, is the principal moment of inertia about the unique axis. 


In is the principal moment of inertia about either of the 
other principal axes. 


h is Planck!s constant (6.625x > erg-sec) 


1 
C is the velocity of light in a vacuum (2. 998x 10 9 cm/sec. } 


In cases in which the rigid rotor model for a molecule is not 
adequate, correction terms may be added to (4) to account for 


centrifugal stretching. 





ST 


Except in those cases where extremely accurate measurements 
are required, these additional terms are negligible. 

The transitions that constitute the parallel band of a symmetric 
top molecule follow from equations (2) (3), and (4) and can be 
represented on the energy diagram of Figure 3. The absorption 
spectrum consists of a set of evenly spaced lines with a separation 
of 2B. Thus, the rotational line spacing yields the moment of inertia, 
In. 

The band contour of a parallel band depends upon the selection 
rules shown in equations (2) and (3). For each transition between 
different J values of a givenK value, a characteristic absorption 
pattern results. If K= 0, then according to equation (2), AJ=4 1. 
This subband then has two branches, one corresponding to AJ=4 1 
and the other corresponding to AJ- -l. These are designated as 
Rand P branches respectively. ForK20, AJ=0, + 1, then each 
of the rest of the subbands corresponding toK=1, 2, 3, ... J will 
have AJ = 0 in addition to the P and R branches. This transition 
results in a very strong central peak which is designated as the 
E branch. 

Since K determines a component of the angular momentum 


while J determines the total angular momentum, J must always 


be equal to or greater than K. M 
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Figure 4 illustrates the above discussion on parallel bands 
and shows its characteristic band contour. Note that the overall 
or total parallel band consists of various subbands corresponding 
to the various values of K that occur at the temperature of observa- 
tion and will appear to consist of one P, one R and a single, strong, 
line-like Q branch. 

Because of the interaction of vibration and rotation and the 
non-rigidity of the molecule, the rotational constants A and D. 
Characteristic of the ground vibrational state will not be identical 
to those for the excited vibrational states A! and B!. Thus the 
subbands do not coincide exactly and the lines ofthe PandR branch 
in each subband will not be exactly equidistant but will converge. 
Perhaps this concept would be made clearer by use of the following 


equation 


ub 1 t E 
YS N LT LAA (BB) Jo (6) 


E is the center of each subband corresponding to a given 


where V PA. 
O 
value of K. 


pm is the center of the overall parallel band 


Clearly then, if A! = A and B! = Bo the subbands would 


coincide exactly. 
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Also of interest are the relative intensities of the P andR 
branches versus the Q branch of a parallel band. These relative 
ms iei i E l 
intensities are a function of AS Thus, if La << La: (which 
indicates only a few K values are of importance) the Q branch is 
relatively less intense compared to the P and R branches. For 


example, in a linear molecule such as co, where La = 0, there 


isn!t any Q branch. In the case of H, CO, 2 D Y - 0.1298 


Ns 


and for D CO, 2 1 T I.= 0.2057. In other words, a slightly 


C 
stronger Q branch relative to the P and R branches should be 
apparent in D,CO compared to H4CO. This is confirmed by 
experiment. 

Perpendicular bands of symmetric-top molecules correspond 
to an oscillating dipole moment perpendicular to the unique axis 
of the molecule. For such vibrations, the selection rule for 


rotational transitions accompanying the vibrational transition is 


AK = 41, AJ =0, 41 (7) 


The overall perpendicular band observed can, as for parallel 
band, be understood as a summation of subbands. Each subband 
consists of all the AJ=0, + 1] transitions that occur for a given 
change in K. Thus, for each K » K * 1, P, Q, and R subbands 
result from the AJ = O, + 1 transitions. For each initial K value, 
except K = 0, one gets two subbands corresponding to the sets of 


transitions that occur within âK = +1 and AK = =-1. If the vibration- 





le 


rotation interaction is very small (the usual case), the rotational 
constants can be treated as independent of the vibrational state, 
and then the different Q branches form a series of equidistant lines 
with a spacing of 2(A-B) (or 2[ A-B+C/2] for slightly asymmetric 
molecules such as H_CO and D4CO). The spacing can be seen 


2 
from the energy level expression (4) and the equation for von 


von (K) = V_ + (A-B) + 2 (A-B) K (8) 


where jos is the band center of the perpendicular band. The 
intensity of the Q branches with respect to the P and R branches 
is always large, with the result that the overall band has very 
strong Q encia with an unresolved background of the P and R 
branches. For H4CO and D4CO where A >> B, the Q branches 
are well separated (see equation (8) ). 

If the interaction between vibration and rotation is taken 
into account, two effects result. First, the rotational constants 
A and B (and C for an asymmetric top molecule) will not be the 
same in different vibrational states. Secondly, coriolis coupling 
between a degenerate pair of vibration ocairs which increases with 
increasing rotation about the principal axis. Coriolis coupling can 


also occur between two vibrations of slightly different frequencies. 





It has been stated that coriolis coupling exists in H,CO 
3 
between the fundamental frequencies de and Ves Coriolis 


coupling is an additional coupling between rotation and vibration 


and is due to a coriolis force on the rotating nucleii. This force 


is given in classical mechanics by: 


TTL Ww cee (9) 
coriolis a 


where m is the mass of the particle 


^v its apparent velocity with respect to the moving 
coordinate system 


w is the angular velocity of the coordinate system 
with respect to a fixed coordinate system 


d is the angle between the axis of rotation and the 
direction of Vee 

The coriolis force occurs only for a mowing particle (v7 0) 
and is directed at right angles to the direction of motion and at 
right angles to the axis of rotation. 

As a simple example of coriolis interaction, see Figure 5. 
It is seen from this iut that during the vibration V3 coriolis 
forces tend to excite the perpendicular vibration P If the 
frequencies P, and H. were nearly the same, a strong excitation 


2 3 


of one of the two vibrations would take place if the other were first 





a 





Figure 5. Coriolis forces in linear XA SC Y e caso 
indicates the direction of rotation. The dashed 
arrows are the Coriolis forces. (From Herzberg, p. 374). 
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excited, in consequence of this coriolis coupling. In the case of 
d and 2 of HCO and D,CO, the difference in frequencies for 


H_CO gas is 83.9 sums and for D 


> CO gas 49.8 Er These frequencies 


2 
are close enough to have coriolis coupling as proposed by reference 
Sx 

When a fundamental vibration LH.) has nearly the same energy 
as a doubly excited state (2 d or a combination of fundamentals 
Cy + vi), both of which are of the same symmetry species, then 
an interaction of these eigenfunctions can occur. This perturbation 
is called Fermi resonance. Simply stated, Fermi resonance can be 
compared to the classical analog of two coupled pendulums. If one 
pendulum is set in motion, the resulting vibrations cause a resonance 
to occur in the second pendulum. In the infrared spectrum, Fermi 
resonance is recognized by two phenomenon. First, the normally 
more intense fundamental frequency 2 will become less intense and 
the overtone or combination frequency will become more intense. 
This is called intensity borrowing. 

Ihe second effect is that the two vibrational levels having nearly 
the same energy "repel" each other. One of the levels is shifted 


up and the other down so that the separation of the two levels is 


much greater than expected. 





a ote 
: . 3 
Fermi resonance occurs in HCO between 2 and V, t Yee 


For D,CO gas itis possible that Fermi resonance occurs between 


H, and 2Y- since both are of the same symmetry species. Twice 


the frequency of d 1S 08015 em butz He is observed at 1913 COMM 


This will be more thoroughly explained in the discussion on D,CO 


gas. 


Asymmetric top molecules (I 4 1c) have three distinct 


AT G 
band types. These are labelled A, B and C depending on whether 

the dipole moment change occurs along the axis of least, intermediate, 
prosreatest moment of inertia. Ii the three moments of inertia are 
considerably different then the resulting bands are indeed extremely 
complex, and the very simple water molecule is one of the very few 
cases for which a complete analysis has been achieved. Itis only 

in the limiting case where the molecule approximates a symmetric 


top that any regularity of fine structures can be expected. In these 


cases (as in H, CO and D,CO) the band structures are determined 


t è 


according to the ratios 


DS N ee (10) 


1 "II NC (11) 
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1 
It has been shown that H,CO is a planar molecule. For these 


j = = , which is th 
planar molecules, if p = l, then L. I, < L which is the 


condition for an oblate symmetric top; for p = 0, IA - 0 and 


hence In = Las so that this represents a linear molecule. Further, 


I- which 


when pis very small (~ 0.1), I I and then I,< In & le 


Bee 
approximates a prolate symmetric top. As has been stated previously, 


both HCO and D_CO are approximately prolate symmetric tops. 


7 
Accordingly, the band contours for dipole transtions along 
the A, B and C axis resemble the parallel or perpendicular type 
bands of a symmetric top molecule. In the case of D,CO and H,CO, 
A, B and C type bands resemble parallel and perpendicular bands 
respectively of a symmetric top. ''A' type bands with selection 
rules AJ=0,4+1, AK-0 resemble the parallel band of a symmetric 
top molecule almost exactly. The type -B and type - C bands, with 
tion moles AJ = 0) + i AK = + 1, resemble the perpendicular 
bands of a symmetric top, (ie) a series of Q branches with a 
separation of 2(A-B4C/2). The C-type band is different from the 
B-type band at the center of the band in that there is a very strong 
Q branch. The B-type does not have a Q branch at the center of the 


band. Figure 6 illustrates the above discussion. 


Since the spacing of the Q branches of a B or C type band is 











Type-B band Y and //. 


9 


Se === RA D) 


Type-C band U. 


Mreure 5. Typical A, B, and C type band contours Tos D4CO and H,CO. 


(From M. Davies, Infared Spectroscopy and Molecular 
Structure, Elsevier Pub. Co., 1963 p. 157). 
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2(A-B+C/2), the rotational constants for H4CO and DjCO can be 
calculated. Note that the spacing of the rotational lines in an A 
type band is B + C and therefore the value of A can be determined. 


Knowing the value of A and utilizing equation (11), the following 


melations can be derived. 


SUA Bye AA (12) 


UJ 
u 


2 


Ge ey E (13) 


where B = > (B+C) 


It is interesting to note that the selection rules for an À 
type band (parallel) give the allowed transition frequencies for 


mes = O to v = | transition as 
2 
R(J) » V, * 2B! * (3P' -BI)Jt*(B.-B)J (14) 


P(J)*V - (B'«B)J«(B' - B.) E (15) 


where V is the fundamental frequency 
O 


B! is the rotational constant parallel to the B 
axis ofthe excited state 


B is the rotational constant parallel to the B 
axis of the ground state. 
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Using various combinations of R(J) and P(J), the values of B 


and C for the ground and excited states may be calculated. 


Is otopic Substitution 


When an atom of a molecule is replaced by its isotope, 
the vibrational frequencies are very often altered, sometimes 
appreciably. This comes about not because of any significant 
change in the potential energy function or geometry of the molecule, 
since the isotopic substitution leaves the electronic structure 
essentially unaltered, but because the mass change aífects the 
normal coordinates and the normal modes of vibration. Isotopic 
substitution is a valuable tool in several ways. In the first place, 
it may be used to help assign spectral bands to the various normal 
modes of vibration. Secondly, isotopic frequencies may be needed 
to provide additional equations for evaluating force constants. 
Because of the large percentage change in mass involved in the 
substitution of deuterium for hydrogen, this type of isotopic replace- 
ment is particularly eífective in studying those normal vibrations 
which correspond largely to hydrogen atom motions. 

The vibrational frequencies of isotopic molecules are related 


7 
through the well known Teller-Redlich product rule. 


e Herzberg, Op. Cit., p. 232. 
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"For two isotopic molecules the product of the ratios of the 
corresponding zero-order frequencies s for all vibrations of 
a given symmetry type (species) is independent of the potential 
constants and depends only on the masses of the atoms and the 
geometry of the molecule." 


The general formula for any molecule is 


[TS QUEM ees 








T3 4 n m. & m COR Oz 
1 E = ( SEE 21 M 2 
Wi wo TM ja | 1. ml "M = 
y NN mj ^ 
(16) 


where all quantities designated by the superscript i refer to the 
isotopically substituted molecule. The zero-order frequencies w 
are those vibrational frequencies a molecule would possess were 


the vibrations strictly harmonic. In (16), Wi Wo» cce Wo are the 


22 
zero-order frequencies of the various fundamental vibrations 


belonging to a particular symmetry type; M Mp» ... are the 


masses of the representative atoms of the various sets; a, p,.. 


are the number of vibrations (inclusive of non-genuine vibrations) 


each set contributes to the symmetry type considered; M is the 


+ 
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total mass of the molecule; t is the number of translations belonging 
to the symmetry type considered; I I L are the moments of 
inertia about the x, y and z axis through the center of mass; da, "d cS 
are either l or 0 depending on whether or not the rotation about the 
X, Y, Or Z axis 1s a non-genuine vibration of the symmetry type 
Fonsıdered. 

Although (16) should hold rigorously only for the zero-order 


frequencies w,, itis at least a good approximation for the observed 


ES 
íundamentals, v.. Experience shows that ordinarily the product rule 
can be expected to hold within 1% to 2%, particularly if the vibrations 


involve only the more nearly harmonic motions of atoms heavier 


than hydrogen. 
Solid States 


Since no well defined rotational energy levels exist in the solid 
(or liquid) state, the absorption spectrum usually consists of smooth, 
structureless absorption bands. A number of distinct changes are 
observed in the crystal lattice compared to the gaseous spectra. The 
most distinctive feature noted is the increased sharpness of the observed 
fundamentals. This sharpness, in general, increases with decreasing 
temperature. Also, slight frequency shifts may take place (from 


the liquid or gas phase spectra) for the various fundamentals as a result 





clas 


of molecular interactions caused by the proximity of the molecules 
to each other in the crystal. In addition, combination bands may 
appear involving an internal vibration of the molecule with a "lattice 
mode" of the crystal. Finally, because of the possibility of lower 
symmetry in the crystal, degeneracies that existed in the free 
molecule (gaseous state) may be removed, allowing the appearance 
of more absorption peaks. 

Despite these complications, which may or may not bea 
problem, it is often advantageous to examine the spectra of solid 
crystalline films since the increased sharpness of the bands might 
be such that overlapping that often occurs in the gas spectrum is 
removed or minimized. 

The molecules considered in the present study include 
gaseous and solid formaldehyde and gaseous and solid formaldehyde- 


d,- 








Il. Gaseous Formaldehyde 


Introduction 


Many studies have been conducted on gaseous formaldehyde. 


The most recent infrared study was accomplished by Blau and 


1.850210 


Ds 
Nielsen. Microwave data have given accurate figures for 


the rotational constants of formaldehyde. The following molecular 


à . 1, 10 
structure information can be derived 


O 
T 1. 2078 + 0.006 A 


CO 
o 
r eo 0.007 A 
CH ols 
NCH = 1162517 22419} 
ISO FAN RE 


The force constants of formaldehyde have previously been 


Sm, Oka; K. Takagi, and Y. Morino, J. of Mol. Spectroscopy, 
14, 27 (1964). 


Im, Oka, H. Hirakawa, and K. Shimoda, J. of the Physical 
Society of Japan, 15, No. 12, 22605 (1960): 


e Takagi and T. Oka, J. of the Physical Society of Japan, 
18, No. 8, 1174 (1963). 


sa ce 
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ll ; anr 
calculated using a computer program to adjust an initial set 
of force constants in accordance with the requirement that each 
successive adjustment leads to a smaller sum of squared 
deviations between calculated and observed eigenvalues. 

15.12 

Formaldehyde has been shown to be a planar molecule 
by calculation of the inertia defect. Usually a molecule is said to 
be planar when the inertia defect A = I. - L = I, is nearly equal 
to zero. 

Potential energy constants, rotational distortion constants 
and the thermodynamic properties of formaldehyde have also 

13 

been calculated. 

Since the infrared spectrum of formaldehyde (H,CO) has 
been measured fairly recently, no attempt has been made in the 


present work to restudy this molecule except for one previously 


unreported band at 3471.8 — This band was assigned as 


ET Shimanouchi and I. Suzuki, J. of Chem. Physics, 42, 


No. 1, 296 (1965). 


Leg Oka and Y. Morini, J. of Molecular Spectroscopy, ll, 
349 (1963). 


Zu G. Krishna Pillai and F. F. Cleveland, J. of Molecular 
Spectroscopy, 6, 465 (1961). 
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ES and sufficient rotational structure was available to calculate 
tne excited rotational constants, (Bit Gr cassociated5 n oE DS 


transition 0.2. This calculation was accomplished with the aid 


of 


B(J-1): Pi) =Av 2] (Benz s (17) 


By plotting R(J-1) + P(J) vs T and knowing the value of 
(b. T 2) from microwave data, : (B'+ Ct) can be found. While 
equation (17) obviously represents a linear function of R(J-1) + 
iJ) vs D experimentally the data rarely give rise to a straight 
line. Thus, to deduce values for (B' + C!), ray require an.arbitrary 


meeatrmient of the data. 


Exp erimental 


Formaldehyde vapor was prepared by the thermal decomposition 
of paraformaldehyde using a vacuum apparatus. Ihe vapor was 
purified by passing it through a series of dryice-isopropyl alcohol 
traps. The gas was then collected as a solidin a trap cooled by 
liquid nitrogen. Purification was necessary due to the presence of 
impurities such as water vapor and formic acid which are known to 


cataly.ze the formation of polymer. 


ns J. F. Walker, Formaldehyde, Neinhole up @o7a a. (1953). 





= 34 m 


Various pressures of gas were introduced into a standard 10cm 
gas cell equipped with KBr windows. Absorption spectra were 
recorded with a Perkin-Elmer 421 dual grating spectrophotometer 
in the frequency range from 4000 - 550 c 

The maximum time available to record absorption spectra was 
four hours due to the formation of polyoxymethylene polymer. This 
polymer was detectable in the absorptionspectra írom a strong polymer 


-1 (15) 


absorption band at 903 cm. Ihis is a convenient indication of 


polymer since H,CO gas does not have absorption in this region. 


2 
Ihe survey spectrum of gaseous HCO and the high resolution 


Escctrum of 2y_ are shown in Figure 7. 


2 
DISCUSSION 


As previously stated in this introduction, only the unreported 
band at 3471.8 ans has been investigated in the present work. This 
band is quite strong and exhibits all the characteristics of a type 
"UA" band. The resolving power of the spectrophotometer used was 
sufficient to allow calculation of the rotational lines. 

The assignment of the 3471.8 NE band as 2V. a, is quite 


2 1 


Obvious for several reasons. The V», fundamental is the Most intense 


E. Todokoro, et al, The J. of Chem hay sio C MUS 


(1963). 
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Survey spectrum of gaseous H,CO (uppper frame) and High 
resolution spectrum of 2v „(lower frame). 





of all the absorption bands in gaseous formaldehyde. Therefore, 
one would expect that the first overtone of Y, would also be quite 


intense. Doubling the absorption frequency of Ye as given by 


cen would give a value for eV, of 3492.0 ende The actual 


value of ev, is 3471.8 ds a difference oí 20.2 a No other 
combinations or overtones of the fundamental frequencies of H4CO 
gas are expected near this frequency. 

Other evidence of this assignment being correct is the spectral 


data for solid H, CO. Only the assignment of 2y 


> for the absorption 


16, 17 


2 


frequency of 3402.7 = in the solid is possible. 

Further evidence is found in formaldehyde - d,- where 2y > is 
intense and on]y this assignment is possible. 

Table III gives the frequencies of the P, Q and R branches of 
2v x Figure 8 represents the application of equation( 17) to these 
data. 

It is assumed in this analysis (and all future applications of 
equation (17) )that for all but the lowest values of the quantum number 

16 


K. B. Harvey and J. F. Ogilvie, Can. J. Chem. 40, 85 (1962). 


B G. Schneider and H. J. Bernstein, Trans. Faraday Soc., 


52, 13 (1956). 
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Table Ill. Infrared rotational frequencies (CEN of the Pa 


R -Branch 
(AJ=+1) 
R(15) 3506.8 
R(14) 3505. 1 
ES: 3503.1 
fee 3500.9 
EMI 3498.9 
R 10 3497.0 
R 9 3494.9 
R 8 3492.7 
R 7 3491.0, 
R 6 3488.4 
R 5 3486.4 
R 4 3484.2 
R 3 3481.6 
R2 3478.9 
R(1) 3476.3 
R(0) 3473.3 


CE | 


and R branches of 2v 


É 


Q-Branch 
(AJ=0) 


3471.8 


refers to unresolved rotational structure 


a. (HCHO gas) 


P-Branch 
(AJ 2-1) 

P 21 3413.4 
P20 3416.8 
P 019954195 
P(18) 3423.3 
P 17a 3420.5 
P 16 3429.4 
P. 157 3432.2 
P 14 3434.7 
pls 4954.5 
P 12 3440.0 
P 11 3442.8 
P 10 3445.9 
E 9 3448.8 
P 8 3452.0 
P 7 3454.9 
P 6 3457.3 
P 5 3459.8 
P 4 3402.2 
P 3 3464.4 
P (2) 3466.9 
P (1) 3468.7 
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K(i.e.,K « 3)the splitting due to the asymmetry of the molecule 
might be neglected and the molecule treated as a symmetric 

rotator as proposed by Blau and Nielsen. S The strong central 
series of the P and R branches correspond to effective symmetric 
rotator transitions between levels with K values greater than, say, 
K-3orK-4. Because of this, and the fact that for 2 V5 the strong 
central series is resolved for values of J =9to J = 13, these values 
of J are used in plotting equation (17), as shown in Figure 8. Note 
that the intercept of Figure 8 compares favorably with the spectral 
frequency of the Q branches. The value of 2v. from the intercept 
of equation (17) is 3472.3 ae compared to the spectral frequency 
of 3471.8 Ei The value oi (B! + Ct) was calculated by the 
method described in the introduction. From microwave ctp 
(B. E C.) is equal to 2. 42962 cm. = Therefore, (B! + C?) was 
calculated to be 2.391 cm as 


Equation 
R(J) - P (J+2) = (B, + C) (2 J + 3) . (8) 


leads to an average value of (B + C! of 2.4497 e This compares 
O 


favorably with the above microwave value. 





SI 


Conclusion 


The previously unreported band at 3471.8 cê has been assigned 
as 2v 29, The value of (B! + C?) for the excited state of ev, has 
been evaluated as 2.391 ae while the value of (B, + C! for the 


. -1 i 
ground state is 2.449 cm compared to the microwave value for 


Wem + C ) of 2.42962 E 
O O 





III. Solid Formaldehyde (HCHO) 


Introduction 


The purpose of examining the infrared spectrum of solid 
formaldehyde was three-fold. 

First, since the polymer of formaldehyde (CHO). is much 
cheaper than the polymer of deuterated formaldehyde (CD,O) >» 
solid formaldehyde was used to establish experimental techniques 
that could be applied to solid tormaldehyde-d,. 

Second, in order to have comparable experimental frequencies 
for the utilization of the Teller-Redlich product rule in assigning 
the absorption bands of solid D4CO, solid HCO was studied. 

Many bands remained unassigned from earlier studies of 
solid HCO. i d These bands were attributed to possible crystal 
splittings. Using isolation techniques, it was possible to verify 
many bands as truly factor group u: splittings. A Drief 
discussion of molecular crystals follows which will be of help in 
understanding crystal splittings. 

The vibrational frequencies of the free molecule depends upon 
its potential energy function V? and associated force constants. If 


such molecules are condensed into an infinitely large crystal, then 


-~ 4] - 
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this crystal has an infinite number of vibrational modes comprising 
lattice as well as intramolecular vibrations. “These crystal normal 
modes can be thought of as consisting of identical vibrational modes 
in each unit cell, the constant phase difference between the motions 
in adjacent cells, however, varying from one crystal mode to 
another. Only those vibrations of the crystal can be active in the 
infra-red or Raman spectrum in which the molecular motions in 
any unit cell are in phase with similar vibrational modes in all other 
unit cells. The unit cellis the smallest volume of the crystal from 
which the entire crystal can be generated by translations alone. 
Modes in which the phase difference between unit cell vibration is 
other than zero give rise effectively to a vanishing transition moment 
when summed over the crystal. Therefore, in the discussion of 
fundamental frequencies, one need be concerned only with the 
analysis of the vibrational modes Qf molecules within one unit cell 
of the crystal. 

The potential energy associated with the unit cell can be written, 
in the harmonic approximation, as 


v=) vo + vi +) dv V +V. (19 
d E jk 15 DH (19) 
J jh SiS 
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and 


where the summations extend over all molecules inthe Gn ms 


EE various terms are: 


E is the potential energy function of the free jd molecule 
E is the perturbation to V9? due to the equilibrium field 


of the crystal at the sit of the jth moleculei 


TEN encompasses interactions between vibrations in different 
molecules of the unit cell. 


V contains terms which involve the relative displacement 
and rotational orientation of molecules with respect to 
each other, and thus represents the lattice potential. 


E denotes those terms involving interaction between lattice 
J coordinates and the internal coordinates oie je 
molecule; 


The term i represents what is usually called site group 
splitting and is responsible for the shifts in frequency when one 
compares the spectrum of a gas to its solid. It also is responsible 
Ber removing degeneracies due to a lowering of symmetry. The 
term We are concerned with is the ae term. This term implies a 
Seupling Of vibrations in different molecules of the unit cell. ii 
the unit cell contains N molecule$ then a molecular mode of a single 
molecule will give rise to N crystal modes. The magnitude of this 


Meor group or correlation field splitting is a function of the 


Magnitude of ve 
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By using an experimental technique in which the molecule 
under examination is in dilute solid solution with an isotopic 
species, the coupling of the motions of neighboring molecules is 
removed, thus eliminating the interaction which gives riseto factor 
group splittings. 

This technique was used for HCHO as the molecule under 
examination and DCDO as the solvent. Molar ratios of 15% and 


] Sax eT e examined. 


Experimental 


The polycrystalline solid was obtained by expanding various 
pressures of HCHO gas into a five liter bulb and then slowly 
depositing the gas on the Agcl window of a standard cold cell cooled 
with liquid nitrogen. The rate of deposition greatly affected the 
absorption spectrum; the sharpest absorption peaks being obtained 
when the rate of deposition was slow (about 15 minutes). The out- 
ade windows of the cold cell were KBr. The advantage of using 
Agcl for the inside window of the cold cell was because Agcf does not 
crack at low temperature as does KBr. 

The rate of formation of polyoxymethylene polymer was much 
slower at low temperature and therefore the difficulty involved with 


gaseous HCHO was avoided. 
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Dilute HCHO solutions were prepared in the following manner. 
Formaldehyde “d, gas was produced first and condensed into a 
5 liter bulb. then HCHO gas was added. After several mixings of 
the two gases, the mixture was deposited on the Agc£ window as 
previously described. For the 15% molar solution, 7.5 cm pressure 
of HCHO and 42.5 cm of DCDO were used: for the 1976 solution, 
1.0 cm and 99.0 cm were used. 

The experimental spectra are shown in Figures 9 and 10 and 


the frequencies listed in Table IV. 


Discussion 


The band at 1674.6 T dE is probably uc Ho since the inches 
of this band is about 1% of v,. This follows from the fact that 
er has a natural abundance of 1.1%. An approximate value of the 
frequency of the CO stretching mode V, ior the Es molecule may 


be calculated using the expression for the diatomic case ' 
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Figure 9. Infrared spectrum of polycrystalline film of HCHO 
at-190°C, 
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Figure 10. Infrared spectrum of polycrystalline films of pure HCHO 
at-190°C (upper frame), 15% HCHO in DCDO (middle frame), 
and 1% HCHO in DCDO (lower frame). 
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Table IV. A comparison of the vibrational frequencies of 
polycrystalline and Gaseous HCHO. 


Previous Crystal Studies 


E eider Da 16 15 % 1% 
and and HCHO HCHO 
3 Bernstein Ogilvie Present in in 
Gas Work DCDO DCDO 
(-190°C) 
ZZ. ------------ Frequency -- - - - - -- - -- - - - - - - -- - Assignments 
---2-- 1174 m 1173.7 m 
535.5 1177m 11775 1176.6 m 1178.0 m 1176.6 m vb, 
----- 1246 s 1245.5 s 
1247.4 1250.0 s 1250.0 s vb, 
1247 m 1250 vs 1249.2 s 
1491s 1495 vs 1491.6 vs 1495.6 m 
1500.6 1497.5 vs va, 
— 1506 1502230 1499.2 vs 
Sn... 22.2.22 ----- 1674.6 m ----- ----- » C 7) 
- — l- A A 95 q 
— e 1705.8 sh 1704.9 sh 1705.7 sh 
1712 s 1711 vs 1711.0 vs 
1746.0 1713.9 vs 1712.0 vs va, 
Seo... e 1713.85 
co zo sh 1720.7 sh 1719.6 sh 1717.0 sh 
a. aa 172222209 1720.8 sh 
----- 2729w 2727 m 2725.6 m (v.+v_)b, 
2766.4 2834 s 2829 vs 2831.8 vs va, 
Cm EEE 
2843.4 2890s 2885s 2887.1s vd, 
EEE EE ES 
----- 2960 m -----  ----- “Va 
RO A IA 
3003.3 2997s 2991 vs 2991.6 s U 
arr 
3471.8%* 3414 w 3402 w 3402.7 m ua 
AAA 
W - weak band s - strong band m - medium band vs - very strong 


sh - shoulder * - Reported by this work. 
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J l 
where v isthe absorption tgequenss zone = y is the corresponding 
frequency of C Sand u is the reduced mass of the C-O 
Skeleton: 


In this approximation, equation (20) may be written as 


)(m tm 


) 
12 
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(m 
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p =p [ 
unn EE 
C 


d -1 
The calculated value of Y is 1672.8 cm compared to the 
-] 13 
observed frequency of 1674.6 cm ^ for v5 (Cow 
3 
As reported by Blau and Nielsen for the gas, there is probably 


fermi resonance between Va and ^ T Vo in the solid as well. The 


Entensity of p F Ve is nearly as great as that of p,; an indication 


of intensity "borrowing". At any rate, the intensity Of V AT Pg 1s 
much greater than one would expect for a combination band. 


For Fermi resonance, one would expect that Via would be shifted 


to a lower frequency while v > iv 5 would move to a higher frequency. 


] 


Adding po and v_ together results in a frequency of 2960.0 cm. 


5 


This may be taken as an approximate value for the unperturbed state 


av. + V- and compared to the spectral value of 2991.6 T The 


unperturbed value of H. may be approximated by using the Teller- 





Redlich product rule. This calculated value is 2970 cm”: compared 
to the spectral frequency of 2887.1 ee 


The diagram below will make the above results clearer. 


2991.6 oma 


1 perturbed 
e. 4 
tv 2960cm A 
p > (unperturbed) 
-] 
2970 cm EE 
(unperturbed) N Mt 
2887.1 cm! perturbed 


While both », d: d and m are shifted in the right direction, 


é 


the magnitude of the shift is not the same. The explanation for 
this probably lies in the calculated values for the unperturbed 
frequencies. Strong evidence for Fermi resonances between Un 


and 2 T V, still exists, however, due to the magnitude of the 


intensity of V, E E and to the direction of the shifts in frequencies. 


Factor group crystal splitting was definitely observed in Vos 


v_ and v, of solid HCHO. This was established by diluting 


E 5 6 
the HCHO with DCDO and, in effect, isolating the HCHO molecules 


more and more as the solution becomes more dilute. For P ye 


and v,, where the separation of frequencies due to intermolecular 


6’ 





vibration is small, a single frequency resulted when a 15% molar 
solution was examined. 


1 


However, for v,, where the separation is large (13.7 em. ) 


3 
the 1576 solution retained the two bands although they were closer 
together (3.6 a than for pure HCHO. This is characteristic 
of factor group splitting. Upon further dilution to 1%, the two 

bands completely merged forming one single band at 1497.5 cnm 
which is about half-way between the two bands of the 15% solution. 


Near the strong absorption peak of v there are two bands 


2? 
which are close together. There is one band at 1711.0 mw 

the band maxima, and another band at 1713.8 m Upon dilution, 
these bands merge to form a single band at 1712.0 T m ihe ether 
bands of y, are shoulders and areınot completely resolved. The 
EE 1720.7 cm”? for pure HCHO is a very broad shoulder. It 
is assumed that this broad shoulder is really made up of two bands 
as evidenced by the two bands for the 15% and 1% solutions in this 
meeton. These are not affected by dilution and therefore are not 


-] 
crystal splittings. The shoulder at 1705.8 cm is also not affected 


by dilution and remains unassigned. 
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Conclusion 


From an analysis of the infrared spectrum of solid HCHO 
and dilute solutions of HCHO in DCDO, factor group crystal 


U U U HM zx 
A 


splittings were definitely identified for 
This is convincing evidence that HCHO has at least two molecules 
per unit cell. 

Fermi resonance is probably perturbing V, and v, + T 


4 2 


in the solid as well as in the gas. 





IV. Gaseous Formaldehyde-d, 


Introduction 


Since the infrared spectrum of DCDO gas has not been 

2 ; 
examined recently, many new assignments have been made 
in this study. An example of Fermi resonance is seen between 


N and 2 yz. There is also evidence of Coriolis resonance 


interactions among the Vas a and VG vibrations. 


lhe rotational constants for the ground state have been 


calculated from the infrared data. In addition, with the values 


10 
obtained from microwave EE E the values of (B! 4 C!) for 


the first excited state of EE " and z were also calculated 


B14 C! 


> ) has been calculated for y 


Finally, the value of (A! - 4 


and P ge 


The molecular structure of DCDO as determined irom Ee 


analysis of microwave data is 
x O 
co ~ 1520/29 0090095 


O 
PO cdi E ONA CIA 
co = 


= DED= “lites 1 20 
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The potential energy constants, rotational distortion constants, 
and thermodynamic properties of DCDO have been previously 


calculated. is 
Experimental 


Formaldehyde-d. vapor was prepared in the same manner as 


2 


HCHO vapor except, of course, polyoxymethylene~d, was used as 
the starting reagent. 

The spectrum (see Figure 11) was determined over the same 
frequency range with the previously described spectrophotometer. 
The presence of a polymer deposit on the cell window was again 
detected rom the appearance of certain bands in the spectrum, 
particularly the intense one at 835 cm. 

Discussion 
From the previously established vibrational assignments 


in gaseous H „CO and the use of the Teller-Redlich product rule, 


A 
it was possible to assign all the fundamental frequencies of DCDO 
gas (Table V). It should be noted that Ebers and Nee did 


not apply the Teller-Redlich rule correctly to Ve The correct 


expression is 
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Figure 11. Infrared spectrum oí DCDO gas at room temperature. 
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Table V. A comparison of the vibravional frequencies of gaseous 


DCDO at room temperature. 


Present Work Ebers and rr 


Frequency (EN Assignments Frequency (CE 
937.8 w vb, 938 - 
987.6 m v.b, 990.2 

101. 
1101.0 s puse 1106.0 
1700.8 s PE 1700 - 
1855.6 vw 2v ‚a, ers 
1918.2 w ZU Sic o JN = 
AUS] vs 12 2056,4 
2160.3 ; y ab 2160.3 
2204.0 vw 2v 32) 2209 = 
5065.9 m 2V „a, im 
BRAS SR O mm * (v KS 12, —— 
3858.3 w * (v AY ¿JD ui 


ae 


refers to assignments made by the present authors. 
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where I is the moment of inertia about the intermediate axis 


and the primes refer to the deuterated species. Table VI 
shows a comparison of the observed and calculated frequency 
ratios for HCO and D,CO. 

It has already been mentioned that Fermi resonance occurs 


between v, and 2V_. The observed frequency of Zv Tou oe ome 


l 3 S 


is shifted significantly downward from twice the value of Ve, 
o -] 
1975.2 cm 4 The justification for the assignment of the 1918.2 cm 


band as 2 d is two-fold. First, this is the only possible parallel 


type (21) band which would lie close to the observed value. Second, 
in the spectrum of solid DCDO, this band is apparently shifted up- 

ward to 1975.0 E as a result of the disappearance of the Fermi 
resonance effect. The approximate unperturbed value of v, can 

be calculated using the Teller-Redlich product rule. The result 

-] 

122001 cm. 


Note that twice the frequency of V., which should be approximately 


5 


the frequency of the unperturbed av. level is 1975.2 ne and is 


-] 
therefore separated by only 25.8 cm from the unperturbed H, 


frequency. Since both Vy and tv. should shift the same number 





Table VI. Calculated and observed values of the frequency 


product ratios for DCDO and HCHO gases. 





e [Pagó ve 2 

PMH, D 2 WIN d 
Observed 3.5404 2. 7647 1555393 
Calculated 3.7418 2.8816 E5567 


2 and v2 are perturbed due to Fermi resonance and 
Coriolis interaction respec.ively. This could account for 


the rather large deviation from calculated values. 


3 
Va is perturbed due to Fermi resonance and Ve and v2 


are perturbed by Coriolis interactions. 





of wave numbers upon undergoing Fermi resonance, this can now 


be checked by the following energy level diagram. 


-1 
" eo em $ perturbed 
E i 56cm 
- | / | 

= 2001cm 4 Do 

(unperiurbed) 

(1974 ga 
ZU = — 

5 (unperturbed) f56cm. ndn 
T T -1 a 


Fermi resonance between 2 and ev, apparently does not occur 


ehe solid. This is due to the fact that the levels of H, and 


; el 
2 V, are separated by 121l cm inthe solid. The observed value 


of ev, in the solid (1975.0 u is very close to twice the observed 


value of V (1976.2 zei y 


l 
It has been shown S that it is possible for p, to undergo a 


3 


Coriolis interaction with 2 or De also, 2 can interact with Ves 


3 
It has also been proposed by Blau and Nielsen that a significant 


Coriolis interaction does occur among Vz» V¿ and v in H, CO gas. 





Ras Herzberg, Op.cit., p.466 
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Although Blau and Nielsen reported a strong convergence of H< 


toward lower frequencies, a characteristic of Coriolis interaction 
; l ) 18 

when the interacting vibrations are very close together , none 

was observed for Va in DCDO gas in the present resc ar che 

E un ee i . al 

is surprising in view of the fact that v, in DCDO gas is only 113 cm 


-] 
from Ve whereas Va in HCHO gas is 455 Cia om Vp. The 


magnitude of the Coriolis interaction is inversely proportional 
to the difference in frequency of the two vibrations and therefore one 


would expect a stronger Coriolis interaction between V2 and vg of 


DCDO gas. According to Her m if the two vibrational levels 
that perturb each other are fairly far apart one obtains simply a 
change oí the'rotational constants A, B, and C as compared to the 
unperturbed values. If the two vibrational levels are very close 


together one obtains rotational perturbations. Since the value of 


LB. E Co) as calculated from the 2 band data (Eq. 18), is 1. ben 


=l.. 
compared to the microwave value of l. 95 cm itis apparent that 


e does have Coriolis interaction with Vos and to some extent, with 


E 


However, z is not close enought to v„or UR to have a cone 


vergence of rotational lines toward lower frequencies. 


Higher resolution spectra of Vi Vo Vas Vas vç and Ve are 


shown in Figures 12 and 13. The observed rotational lines are 
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Figure 12. High resolution infrared spectrum of y V. and Zt 
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Figure 13. High resolution infrared spectrum of Va» Ye and Pe 





tabulated in Tables VI, Vill, IX, X, XI and XIN 








Table VII. Infrared rotational frequencies re of the Pu 


EUM C 


and R branches of 2 (DCDO gas) 





MW W M 9 MW 9 9 9 0909000 9 9 9 WW W mu 


30 
29 
28 
Zi 
26 
25 
24 
23 
22 
Zl 
20 
19 
18 
17 
16 
15 
14 
13 
172 
11 
10 

i 

8 


R-Branch 
(AJ a +l) 


2116.8 
2114.8 
AZ 
Zee 3S 
2109.6 
2107. 2 
2105. 2 
2102.9 
2100.8 
2098.9 
2096.9 
2095.1 
2093.7 
2091.3 
2089. 1 
2086.6 
2084.9 
2083.5 
2081.8 
2080. 0 
Gurr. i 
2075.7 
2074.3 


R7 
R 6 
R 5 
R 4 
R3 
RU 
R 1 
R 0 


2072. 
ZO 


2066. 


6 
6 
2068.5 
6 
2065. 2 


Q -Branch 


(AJ=0) 


ZU 


DEM MM UEM esco vv vo mo mto 


Do Om DW N DW o 


26 
25 
24 
23 
Ge 
2l 
20 
19 
18 
n 
16 
15 
14 
13 
12 
11 


P-Branch 


(AJ= -1) 


2004. 7 
ZOOTI 
200975 
ZO SS 
LOTTI 
2015.8 
Ole 
ZU De, 
Zoro 
20228 
2024.8 
2026.4 
Er 3 
2030. 2 
ER 
2034. 0 
2036.1 
2037.8 
2039.8 
2041.4 
2043.6 
2045.8 
2047.6 


Ix 
E: 
Pl 


2049.4 
cosa 
2053. 0 
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lable VIII. Infrared rotational frequencies (enm of the P, ©, and 
R Branches of 2 (DCDO gas). 
R-Branch Q-Branch P-Branch 
(AJ=+1) (AJ = 0) (AJ = - 1) 
ERES) 1759.2- R8 171922 1700.8 P 27 1645.0 P4 1691.9 
ENS) 1757.5. R 71 1717.1 P26 1646.4 P3 1694.0 
Bee? 1756.0 RO 1715.1 P 25 1649.1 P2 1695.8 
Eus 1754.5 R5 1713.0 P 24 6505 M 16973 
Ew 1752.7 R4 1711.0 P 23 1654.1 
Ro 1750.6 R3 1709.0 P22 Isso 
Bee 174829 RZ 1707.3 P 21 1658.2 
R 24 1746.6 R 1 1705.3 P 20 1660.3 
ESS 1745.2 RO 1705.5 ESO OO Al 
EN? 1745.2 P 15 166977 
LE] 1741.2 P 17 1665.6 
mec 1739.6 P 16 1667.6 
BRO 1737.5 P 15 1669.4 
REIS 1735.8 P 14 1671.2 
R 17 1734.2 Pas 1600 
ES 1732.8 P 12- 167595 
DN» 1731.3 P 11 -107mm 
RIA 1730.0 P 10 1679.2 
EUIS 1728.7 Ps loom 
L2 1727.2 P 8 1684.0 
EN 1725.7 P 7 1686.4 
EMI O- 1724.2 P 6 1688.3 
ER O 1721.9 P 5 1690.1 











lable IX. Infrared rotational frequencies COM ofthe RaQ 
and R branches of 2 (DCDO gas). 

R -Branch Q-Branch P-Branch 

(AJ=+1) ape) (AJ = 1) 
moo 1 147.3>.R 8 11137) 1101.0 P 34 1041.3 PIT 020i 
E2090 1145.6 R 7 111178 P 33 1042.5 PIT 102- 
R28 1143.1 R6 111055 P32 1044.2 P 10 1084.1 
Bec’ 1140.8 R 5 1108.8 P31 1046.0 P 9 1085.9 
R 26 1139.0 R4 1107.4 P 30 1047.9 E terna 
E25 1137.5 R3 110655 P 29 1050.2 Py Nos: 
pzz 1135.8. R 2 1105.3 P 28 1051.97 PROTOS m 
Peco 1154.9 R 1 1104.2 P 27 105857 32725710 20 
E22 1133.5 RO 1102.4 P26 1055.4 P 4 1093.9 
meet 1132:9 P 2521057. 1 Tee 
E20 1131.6 P 24. 1059. 0 ERIC 
R 19 1130.6 P 23 1060.8 P (1) 1099.4 
R 18 1129.3 DI cs 
E17. 1128.3 P21 1064.3 
lo 1126.7 P 20 1066.0 
REIS 1125.0 P19 oco 
Ia 1123.8 P 18 107071 
Pes 1121.6 P Lier 7 
pez 1120.0 P 16 pao 
ESI 1117.7 P15 1075.4 
EM) 1115. 6 P 14 1077.2 
Do 1115.2 P 15 TON 


2 66. 


( ) refers to unresolved branches 
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Table X. Infrared spectral frequencies for the type "B" band, 
Vas (DCDO gas). 
oe Meee ees, . . EFrequenéy 
Q-branches Line -] Q-branches Ie -] 
No. Coa) No. GINE) 
1 2119. 1 24 2162.7 
P 
Q. 2 2120.3 25 2165.1 
R 
3 212282 Q. 26 215142 
4 2124229 27 2169.9 
R 
5 2126.7 Q. 29 2172.1 
P 
Q 6 2128.8 Ro 29 SIT 
7 2 
7 2130.7 30 I 
8 213299 31 212022 
P 
Po 9 2135.0 Q. 22 2181.6 
i 10 2136.6 33 2183.1 
11 2137.9 34 2184.3 
12 2140.0 35 2185.6 
13 2141.1 [s 36 2187.5 
Q 
14 2] 9089 4 37 2188.4 
P 
Q. 15 2144. 3 38 2189. 1 
16 2146.5 39 2191.0 
P 
17 2147.5 Q. 40 2194.4 
18 2149.5 41 ae 
Dp 19 2150.8 42 2199.5 
Q 
1 20 2153.0 43 2200.5 
21 2155.6 p 44 2202.3 
Q 
22 2158. 1 6 45 2204.0 
23 2160.6 46 2205.8 


* See Figure 13for line assignments. 
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Table X - Continued 








inan auna Line” Frequency Bae Line* Frequency 
No -] No -] 
(cm ) (cm ) 
47 ZO S 54 E E 
48 2209.4 55 22 
R 
— 19 Lakid 56 Co Lao 
50 221200 2 La 
51 2214.9 29 58 ALASO 
52 2216.4 E 2220] 
Eo 
6 53 ZA tom 60 LE 


( ) refers to an uncertain assignment of a Q-branch. 





Table XI. 


ee 


Infrared spectral frequencies for the type ''B'' band, 


Zt (DCDO gas). 


Line* Frequency 


Q-branches 


E 
= 


RO, 


O © © n OC uU d Wù N w 


N N N N N e mL. KF PP Pp Pp o Lm PPP 
A uù N -— O 2 @ OC Ui MA Nm 


Le 


No. 


(cm) 


956.9 
ge 
205055 
961.9 
96-3 
970. 1 
97272 
RE 
976.9 
go 
ND 
980.5 
994.4 
996.2 
99722 
998.6 
1000.6 
TOO T3 
1003. 3 
1004.9 
1006.1 
1007.2 
1008.5 
1017055 
1011.8 


Q-branches 


( 


( 


Q 


Q 


See Figure 13 for line assignments. 


5) 


) 


Line* 


No. 


26 
27 
28 
29 
30 
3h 
32 
53 
34 
35 
36 
31 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 


Frequency 


(cm) 


1013.4 
1015.1 
1016.6 
1018.4 
LOMAS 
1021.5 
1023.3 
102552 
1026.7 
1028.4 
102939 
1051159 
OSO 
103588 
1037.6 


103983 


1041.3 
1042.5 
1044.2 
1046.0 
1047.9 
105072 
1051579 
105317 
1055.4 
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Table XII. Infrared spectral frequencies for the type "C!! 
band, Vee (DCDO gas). 





Line No, * Preguen (a Line No. Frequencey ea 
l 917.7 7 942.1 
2 229.3 8 943.9 
S 0322 9 946.5 
“+ 934.3 10 949.0 
5 937.8 15 95170 
6 940.3 


* See figure 13 for line assignments. 


Note:  Q-branches were not assigned for this band since Ue isa 


weak band and it was not possible to identify these lines. 
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Using equation (18) where D. and C are the rotational 
O 


constants for the ground state, an average value of (B. + e 





may be calculated for v., V, and v,. From the type "B" 
i 2 3 
B tC 
bands, A and e the value of A - ( > ) may be obtained 
with the aid of 
B +6 
R E O O 
Qka rt (21) 


where A is the rotational constant for the ground state about the 
unique axis. 


By plotting the relation 


RO- r PUS 2V +B! + C?) = (B+C) ] js (22) 


for Vie up and Vz the values of the first excited state rotational 
combination constant (B?! + C!) may be calculated since (B, T C 

is known from microwave ae Note that the intercept, dV oo is 

a good check on the assigned vibrational frequency for the 
fundamental. In plotting equation (22), the "lines"! which correspond 
to effective symmetric rotator transitions between levels with K 


values greater than K - 3 orK - 4 stand out rather sharply. The 


values of J used were from about J = 8 to J = 16 since these transitions 





correspond to the strong central series ofthe P and R branches. 

Ihe central series is least affected by assymetry and the molecule 
may be trcated as a symmetric rotator. This is the same procedure 
as used by Blau and Nielsen in their study of formaldehyde vapor. 
For the plot of equation (22) see figures l4 through 16. 


With the aid of 





R = peo 
Q = Q = A AZ a ——— 
K K l 2 d (23) 
Di 36 
the value of (A! - 22 ) may be calculated for L and Ya 


In Table XIII, the values of all the rotational constants 
determined in this study for DCDO gas are compared with previous 
microwave acest Note that previous data for d and y, are 
not available. 

The rotational constants for v, could not be determined 


6 


since this is a weak band and the Q branches could not be identified. 


Conclusion 


Many new assignments have been made for DCDO gas. The 
rotational combination constants have been calculated for several 
first excited states and the rotational constants for the ground state 


have been calculated and compared to microwave data. 
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Figure 16 





Table XIII. A comparison of Rotational constants RE, for 


the ground state and first excited state of Gaseous DCDO. 


Rotational Microwave 
U U U U U 
Constants 1 2 3 4 5 Value 
(Bor) 1.99 2:002 1.58 ---- ---- 1.95 
B +C 

BRO, cas 3.89 4.03 3 

E 2 pe .89 : 15 
(B!+C!) 1.946 1.935 1.963 ---- ---- 
Microwave 


Values of Ze 1.93688 1.96637  ---- 1.94733 
(B'4C!) 





p! 1 

A!-( =. - e. — - -- ---- 3.73 4.22 

Microwave 

Values of ---- 3.45925 132980289 ---- 4.22005 
1 t 

Re, 


Using values above, the individual rotational constants from the present 


work and microwave data may be determined. 


Present Work Microwave 
Ay 4.83 4.72539 
Bg 1. 03 1.07692 
Co 0.85 0.87354 


The ground state and the first excited state are designated respectively 


by the subscript zero and the prime superscript. 





An example of Fermi resonance between a and ZU 5 


has been observed. 


There is also evidence of co 








o 


E. Ie 





V. Polycrystalline DCDO 


Introduction 


The infrared spectrum of solid DCDO has not been previously 
studied. Using the Teller-Redlich product rule and the spectrum 
of solid HCHO, all the fundamental frequencies of solid DCDO were 
assigned. The infrared spectrum of DCDO gas was also helpful 
as a guide in the N. 

The infrared spectrum of solid DCDO was in turn of great 
aid in making the assignments oí gaseous DCDO since the solid 
spectrum, with no rotational structure and sharper bands, is less 
complicated. 

Unlike solid HCHO where factor group crystal splitting was 
observed for DV, V V. and Y, no cases of crystal splitting 


2 3 5 6 
were observed in solid DCDO. This means that the Vine term of 
equation (19) is much smaller for DCDO than for HCHO. In other 


words, interaction between vibrations in different molecules of the 


unit cellis small for DCDO as compared to HCHO. 
Experimental 


Preparation of solid DCDO was accomplished in the same 


~ /8 - 
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manner as for solid HCHO except that (CD4O). polymer was 


used as the starting reagent. The spectrum is shown in Figure 


E. 


Discussion 


The only impurity noted in the infrared spectrum oí solid 
DCDO was a trace of HDCO. Since the infrared spectrum of 
HDCO had previously been studied, i these bands were easily 
identified. 

Listed in Table XIV are the assignments and frequency 
shifts of polycrystalline DCDO. 

The following Teller-Redlich product rule relations were 


used in assigning the fundamental frequencies of crystalline 











DC DO: 
Cis I o ° CO 
Gr Va v^ - (30m (a Hp co) 
U U 1 Qu I 
GE ) GE) 
Z MH, CO E 
i OR On co? (Gr) 
19 


D. Davidson, B.P. Stoicheff, and H.J. Bernstein, J. of Chem. 
Phys., 22, No. 2, 289 (1954). 
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Figure 17. Infrared spectrum of polycrystalline DCDO at-190°C. 
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Table XIV. Band Centers TS Frequency Shifts, and 
Assignments for the Infrared Spectrum of 


Polycrystalline DCDO. (-1909C) 


Frequency Assignments Frequency 
a fr] 

(cm E Shift 

41.5 b = 

9 W Db, 3.7 

88.1 E 
2 S vb, 0.4 
1095.6 s pa, + 5.4 
1633.0 13 
m U „ic ) 

1658.6 vs P +42.2 
1667.5 sh 

1874.7 m ZU 624 

1975.0 

9 m 2v 5) 
2095.5 s va, - 38,4 
2 : 

162.5 w 2v 32) 
2213.7 s V 4P] -53.4 
2505.3 m AV 22) 
3748.9 m (v (TD -19, 
3868.8 w (v tv J)b, 

I v , em 


gas solid 





-82 m 
where m is the mass of deuterium My is the mass of hydrogen, 


M is the molecular weight of formaldehyde and 
H,CO 


“p,co is the molecular weight of formaldehyde=d,. 
L is the largest principal moment of inertia and 


I, is the intermediàte moment of inertia. 


The primes refer to the corresponding isotopic values. Vir Vor vee 
V, are the band centers of polycystalline formaldehyde and v : 


6 


vi ... vt. are the corresponding values for polycystalline 


2 6 
formaldehyde -d,. Table XV lists the calculated and observed values 


for these relationships. 
Conclusion 


Since factor group crystal splitting was not observed for 
polycrystalline DCDO, it follows that there is a smaller interaction 
between the molecules of the unit cell than for polycrystalline 
HCHO. 

All the fundamental frequencies were assigned as were several 


combination and overtone bands. 
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Table XV. A comparison of Observed and calculated product 
rule ratios for polycrystalline DCDO and HCHO. 
y ve WC PD É É» dE 
1:285 4 5 [BN 
! p! y! 1 1 ! 3591 
"1 "5 | MER LE 
Observed 3.6014 2, 1214 ae 
Calculated 3.7418 28810 25507 
a Va is in Fermi resonance with V) + E lhe unperturbed 


value oí Va is ata higher frequency, thus bringing the 


observed value closer to the calculated value. 


b The primes refer to the deuterated species. 


























